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Abstract
The effects of parity violation in the interaction of relativistic polarized protons and deuterons
are discussed. Within Glauber’s approach, estimates are obtained for P-odd asymmetries in the
total and elastic scattering cross sections, in the deuteron dissociation cross section, and in the
inelastic cross section with meson production in a final state. It is shown that, from the point of
view of the magnitude of the P-odd effects, the interaction of polarized deuterons with unpolarized
protons has an advantage over the interaction of polarized protons with unpolarized deuterons.
A significant P-odd asymmetry was found in the dissociation channel of the polarized deuteron.
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Introduction. The interference of the amplitudes of strong and weak interactions leads
to parity violation in nuclear and hadronic processes [1, 2]. The observed effects in nuclear
processes and in the scattering of low-energy protons and neutrons are usually described
by phenomenological meson-baryon interactions (see the review [3]). Despite the exten-
sive theoretical [4–13] and experimental [14–20] literature, the issue of parity violation in
hadronic processes at high energies remains still open. Significant progress in understand-
ing this effect can be expected from polarization experiments at the NICA collider [21, 22].
Possible experiments at NICA to search for parity violation in the interaction of longitu-
dinally polarized protons or deuterons with an unpolarized target have been discussed in
Ref. [23]. Estimates of the P-odd asymmetry in nucleon-nucleon scattering in the NICA
energy range have been reported given in our recent work [24]. It is shown that, because
of the structure of weak currents, the main contribution to the P-odd asymmetry in pp
scattering comes from radiative corrections due to the strong charge-exchange interactions.
It has been also shown that, from the point of view of the magnitude of the observed effect,
it is preferable to measure the P-odd asymmetry in elastic scattering, since the asymmetry
in inelastic cross sections is strongly suppressed.
In this paper, we generalize the results of [24] to P-odd asymmetries in proton-deuteron
scattering at energies of the NICA collider. In contrast to nucleon-nucleon scattering, there
is an important quasi-elastic scattering channel with the dissociation of a deuteron into a
pn continuum. Similar to the result of [24] on the enhancement of asymmetry in elastic
scattering, a similar enhancement is found for the dissociation of a longitudinally polarized
deuteron on an unpolarized proton. The P-odd asymmetry in the interaction of a polarized
deuteron with an unpolarized proton turns out to be higher than in the interaction of a
polarized proton with an unpolarized deuteron. This is important from the experimental
point of view, since in the energy range of the NICA collider, the acceleration of polarized
deuterons is free of spin resonances, which are numerous in the case of polarized protons.
With regard to the separation of the P-odd asymmetry in the processes of elastic scattering
and dissociation of accelerated deuterons, favorable from the point of view of the expected
magnitude of the effect, we draw attention to the possibility of working with an internal
jet hydrogen target with the detection of recoil protons [25].
Nucleon-nucleon scattering. A total amplitude T (q⊥) of high energy elastic proton-
nucleon scattering, where q⊥ is the transverse momentum of the scattered proton, can be
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represented as [24]
T (q⊥) = Ts(q⊥) + TW (q⊥) + Tint(q⊥) ,
Tint(q⊥) = − i
2
∫
d2q′⊥
(2pi)2
Ts(q
′
⊥)TW (q⊥ − q′⊥) . (1)
Here Ts(q⊥) is the strong interaction scattering amplitude, TW (q⊥) is the weak interaction
scattering amplitude with account for the radiative corrections to the P-odd Hamiltonian
due to the strong interactions, Tint(q⊥) is the so-called absorption correction to a weak
amplitude, it is not difficult to derive it in the eikonal approach. Taking into account the
conservation of the s-channel helicity for the pN scattering amplitudes (hereinafter N =
p, n), one can use the standard parameterization [26] (the difference from the alternative
parameterizations [27, 28] is insignificant and is not being discussed):
T pNs (q⊥) = δλ1λ3δλ2λ4t
pN
s (q⊥) , t
pN
s (q⊥) = −(pN + i)σpNs, tot exp(−BpNq2⊥/2) , (2)
where λ1 and λ2 are the helicities of the initial particles, λ3 and λ4 are the corresponding
helicities of the final particles (λi = ±1). For momentum transfers inside the diffraction
cone, the ratio pN of the real and imaginary parts of the amplitude and the slope BpN
of the diffraction cone can be considered constants. To a sufficient accuracy, in the NICA
energy range we can put tpps (q⊥) = t
pn
s (q⊥) ≡ ts(q⊥), see Ref. [26]. In numerical estimates,
we use
pN =  = −0.5 , σpNs, tot = σs, tot = 50 mb , BpN = B = 9 GeV−2 . (3)
In this case, the elastic scattering cross section is
σpNs, el =
∫
|T pNs (q⊥)|2
d2q⊥
16pi2
=
(1 + 2)σ2s, tot
16piB
= 17.8 mb . (4)
According to [24], the amplitudes due to the weak interaction, T pNW (q⊥), have different
dependences on the momentum transfer and helicities:
T ppW (q⊥) = λ1δλ1λ2δλ1λ3δλ1λ4t
pp
W (q⊥) , T
pn
W (q⊥) = λ1δλ1λ3δλ2λ4t
pn
W (q⊥) ,
tppW (q⊥) = cppR(q⊥) , t
pn
W (q⊥) = cpn F
2(q⊥) ,
F (q⊥) =
Λ4
(Λ2 + q2⊥)2
, R(q⊥) =
4
pi
∫
F 2(k⊥) d2k⊥
(k⊥ − q⊥)2 +m2ρ
,
cpp = 5 nb , cpn = −7.8 nb , Λ = 1 GeV , mρ = 770 MeV . (5)
Note that cpp and cpn have opposite signs.
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Using the optical theorem, σtot = −ImT (0), we found the corrections σppW, tot and σpnW, tot
to the total cross section for pp and pn scattering due to weak interaction:
σppW, tot = λ1δλ1λ2δλ1λ3δλ1λ4S
pp
W , σ
pn
W, tot = λ1δλ1λ3δλ2λ4S
pn
W ,
SppW = 3.7 nb , S
pn
W = −2.47 nb . (6)
The ratio between SppW and S
pn
W is determined not only by the ratio between cpp and cpn,
but also by different dependences on q⊥ of the amplitudes t
pp
W and t
pn
W , see below. With
the simplified parametrization (2), the P-odd corrections σpNW, el to the elastic scattering pN
cross sections coincide with the P-odd corrections to the corresponding total cross sections.
The implied suppression of P-odd corrections to inelastic cross sections is, in essence, a
general consequence of the unitarity condition in the approximation linear in the weak
interaction.
Weak interaction effects in proton-deuteron scattering. Our estimations are
based on the Glauber’s approach [29–31]. A new channel of diffraction dissociation (quasi-
elastic scattering) into a proton-neutron continuum without meson production, pd→ p(pn),
requires a special consideration. We predict that a large P-odd asymmetry occurs also in
quasi-elastic scattering.
The amplitude T pds of elastic pd scattering due to the strong interactions reads
T pds (q⊥) = δλpλ′pδλdλ′d t
pd
s (q⊥) ,
tpds (q⊥) =
[
tpps (q⊥) + t
pn
s (q⊥)
]
FD
(q⊥
2
)
− i
2
∫
d2q′⊥
(2pi)2
tpps
(q⊥
2
− q′⊥
)
tpns
(q⊥
2
+ q′⊥
)
FD (q
′
⊥) . (7)
Here λp and λ
′
p are the helicities of the initial and final state protons, λd and λ
′
d are the
helicities of the initial and final state deuterons. A single scattering amplitude contains the
deuteron form factor FD (q⊥/2), and the double scattering amplitude, which is small in the
region of the diffraction cone of elastic pd scattering, gives Glauber screening. The deuteron
form factor can be estimated to a sufficient accuracy using the S-state wave function φ(r):
FD(q) =
∫
d3r |φ(r)|2 exp(−iq · r) .
The explicit form of FD(q) obtained in the model of a square potential well is
FD(q) =
2b
(b− 1)x
[
arctan
(x
2
)
− 1
2
Si
(x
b
)
− 1
4
Si
(
pi +
x
b
)
+
1
4
Si
(
pi − x
b
) ]
,
Si(x) =
∫ x
0
dy
sin y
y
, b = 2.5 , x = q/κ , κ = 45.7 MeV . (8)
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Numerically, this representation is in good agreement with those obtained in other models.
The total cross section of pd scattering following from the optical theorem reads
σpds, tot = 2σs, tot −∆σG = 96 mb ,
∆σG =
1
2
(1− 2)σ2s, tot
∫
d2q⊥
(2pi)2
exp(−B q2⊥)FD (q⊥) = 4 mb . (9)
The Glauber screening correction, ∆σG, is small due to the large size of the deuteron,
∆σG  σpds, tot. In view of the obvious dominance of the single scattering amplitude, the
P-odd asymmetry in pd scattering will be similar to that in elastic pN scattering. The
integrated cross section of elastic pd scattering will be noticeably suppressed by the deuteron
form factor. In the same approximation of a loose deuteron, the differential cross section
for quasi-elastic pd scattering will be close to the sum of the differential cross sections for
elastic pp and pn scattering. Correspondingly, we expect that the observation in [24] on the
enhancement of the P-odd asymmetry in elastic pN scattering will persist in both elastic
and quasi-elastic pd scattering. We omit the discussion of the deuteron charge-exchange
process (d→ pp) having a negligible cross section.
The total contribution of the weak interaction to the amplitude of elastic scattering of
a polarized proton by a polarized deuteron, T pdW (q⊥), including all absorption corrections,
equals
T pdW (q⊥) = δλpλ′pδλdλ′d t
pd
W (q⊥) ,
tpdW (q⊥) = Tλpλd(q⊥)FD
(q⊥
2
)
− i
2
∫
d2q′⊥
(2pi)2
ts (q
′
⊥) Tλpλd(q⊥ − q′⊥)FD
(q⊥
2
)
− i
2
∫
d2q′⊥
(2pi)2
ts
(q⊥
2
− q′⊥
)
Tλpλd
(q⊥
2
+ q′⊥
)
FD (q
′
⊥)
− 1
4
∫∫
d2q′⊥
(2pi)2
d2q′′⊥
(2pi)2
ts
(q⊥
2
− q′⊥
)
ts
(q⊥
2
− q′′⊥
)
Tλpλd (q′⊥ + q′′⊥)FD (q′⊥) ,
Tλpλd(q⊥) =
1
2
(λp + λd) t
pp
W (q⊥) + λp t
pn
W (q⊥) . (10)
The main P-odd contribution σpdW, el to the elastic scattering cross section is
σpdW, el =
∫
d2q⊥
8pi2
Re
[
tpd ∗s (q⊥)t
pd
W (q⊥)
]
' −σs, tot
4pi2
∫
d2q⊥ exp(−B q2⊥/2) Tλpλd(q⊥)F 2D (q⊥/2) . (11)
One should use λd = 0 for scattering of a polarized proton by an unpolarized deuteron and
λp = 0 for scattering of a polarized deuteron by an unpolarized proton.
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Following the Franco-Glauber technique [30, 31], one can readily obtain a P-odd correc-
tion to the cross section for quasi-elastic pd scattering. Omitting the details of calculations,
we restrict ourselves to the statement that a sum of elastic (σpdW, el) and quasi-elastic (σ
pd
W, qel)
P-odd scattering cross sections coincides with the correction σpdW, tot to the total cross sec-
tion of pd scattering, which can be determined from the amplitude (10) using the optical
theorem:
σpdW, tot = −
σs, tot
8pi2
∫
d2q⊥ exp(−B q2⊥/2) Tλpλd(q⊥) [1 + FD (q⊥)] . (12)
As in the case of inelastic pN scattering, the P-odd asymmetry in inelastic pd scattering,
in which mesons are produced, is suppressed.
Let us pass from a qualitative discussion to numerical estimates of the cross sections
and corresponding asymmetries A = σW/σs in the scattering of a polarized deuteron with
λd = 1 by an unpolarized proton. Using the formulas obtained above, we find:
σpds, tot = 96 mb, σ
pd
W, tot = 2.1 nb, Apdtot = 2 ∗ 10−8 ,
σpds, el = 20 mb, σ
pd
W, el = 0.7 nb , Apdel = 3.5 ∗ 10−8 ,
σpds, qel = 22.4 mb, σ
pd
W, qel = 1.4 nb , Apdqel = 6 ∗ 10−8 . (13)
For the interaction of a polarized proton with λp = 1 and an unpolarized deuteron, we have
σpdW, tot = −0.8 nb , Apdtot = −0.9 ∗ 10−8 ,
σpdW, el = −0.6 nb , Apdel = −3 ∗ 10−8 ,
σpdW, qel = −0.2 nb , Apdqel = −10−8 . (14)
The difference in signs and magnitudes of asymmetries is associated with a significant
difference in the dependence of Tλpλd(q⊥) on q⊥ for polarized protons and for polarized
deuterons, see Fig. 1. Since the P-odd Hamiltonian of the weak pp interaction is determined
by the radiative corrections due to strong interactions and the accuracy of calculating these
radiative corrections is not high, the behavior of Tλpλd(q⊥) shown in Fig. 1 is rather a
qualitative one.
Two important conclusions follow from estimates (13) and (14). First, the magnitude of
the expected P-odd asymmetry makes investigation of pd scattering of polarized deuterons
by unpolarized protons preferred one as compared to scattering of polarized protons by
unpolarized deuterons. It is also preferable from the point of view of controlling the polar-
ization of particles in the accelerator, since deuterons have no spin resonances in the NICA
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Figure 1. Dependence of T0 1 (solid line) and T1 0 (dotted line) on q2 ≡ q2⊥, Eq. (10).
energy range, while protons have numerous spin resonances. Second, because of the value
of the expected asymmetry, it is preferable to separate elastic and quasi-elastic pd scatter-
ing. Here we will briefly comment on the ongoing analysis of the attractive possibilities of
working with an internal jet hydrogen target, which is under consideration by the team of
the RFBR grant No. 18-02-40092 MEGA, who coauthored [23].
When working with a jet target (see, e.g., Ref. [25]), to detect elastic dp scattering it is
sufficient to measure the momentum transfer to the recoil proton, which is uniquely related
to its scattering angle, θ = qz/q⊥ = q⊥/(2mp). Dissociation of the relativistic deuteron with
γ  1 into a np pair with the excitation energy ∗ gives an additional contribution to the
longitudinal momentum of recoil protons, ∆qz = 
∗/γ, which increases a scattering angle
θ. In this case, the distribution over the transverse momentum of recoil protons becomes
broader as well, in comparison with purely elastic scattering. This makes it possible to
register quasi-elastic events with simultaneous discrimination of pion production events
when ∗ > mpi.
Conclusions. We have analyzed the effects of parity violation in the scattering of
protons by deuterons at energies of the NICA collider. Using Glauber approach, estimates
are obtained for the corrections due to the weak interaction to the total, elastic, inelastic and
dissociation cross sections in pd scattering, as well as the corresponding spin asymmetries,
see (13) and (14). According to our results, experiments on the scattering of polarized
deuterons by unpolarized protons are preferred. This circumstance is especially important,
since the acceleration of relativistic polarized deuterons is simpler than the acceleration
7
of polarized protons. The results obtained should be taken into account when planning
experiments at the NICA collider.
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